ABSTRACT The effect of temperature on the lateral structure of lipid bilayers composed of porcine brain ceramide and 1-palmitoyl 2-oleoyl-phosphatidylcholine (POPC), with and without addition of cholesterol, were studied using differential scanning calorimetry, Fourier transformed infrared spectroscopy, atomic force microscopy, and confocal/two-photon excitation fluorescence microscopy (which included LAURDAN generalized polarization function images). A broad gel/fluid phase coexistence temperature regime, characterized by the presence of micrometer-sized gel-phase domains with stripe and flowerlike shapes, was observed for different POPC/ceramide mixtures (up to ;25 mol % ceramide). This observed phase coexistence scenario is in contrast to that reported previously for this mixture, where absence of gel/fluid phase coexistence was claimed using bulk LAURDAN generalized polarization (GP) measurements. We demonstrate that this apparent discrepancy (based on the direct comparison between the LAURDAN GP data obtained in the microscope and the fluorometer) disappears when the additive property of the LAURDAN GP function is taken into account to examine the data obtained using bulk fluorescence measurements. Addition of cholesterol to the POPC/ceramide mixtures shows a gradual transition from a gel/fluid to gel/liquid-ordered phase coexistence scenario as indicated by the different experimental techniques used in our experiments. This last result suggests the absence of fluid-ordered/fluid-disordered phase coexistence in the ternary mixtures studied in contrast to that observed at similar molar concentrations with other ceramide-base-containing lipid mixtures (such as POPC/sphingomyelin/cholesterol, which is used as a canonical raft model membrane). Additionally, we observe a critical cholesterol concentration in the ternary mixtures that generates a peculiar lateral pattern characterized by the observation of three distinct regions in the membrane.
INTRODUCTION
Ceramides have been postulated to have important structural and functional roles in membrane-related biological processes. It has been reported, for example, that ceramide molecules are membrane-associated second messenger molecules, participating in processes that occur during cell growth (differentiation) and cell aging (apoptosis) (1, 2) . Ceramides molecules are also natural constituents of skin, having an important role in determining the particular physical properties of the barrier-forming intercellular lamellae found in the outermost layer of the epidermis (3) (4) (5) . Due to their particular chemical structure, which is characterized by a very small headgroup, self-assembling ceramide structures display strong intermolecular interactions (mainly hydrogen bonds) and a very high order-disorder phase transition temperature, well above physiological temperatures (6) . Ceramides, together with other ceramide-based lipids such as sphingomyelin and various glycosphingolipids and also DPPC, are some of the few naturally occurring membrane lipids that display lipid phase transition temperatures above physiological temperatures (7, 8) . The very particular geometrical features of the ceramide molecule (that promote in some cases formation of nonlamellar phases (9, 10) ) allow this lipid to be a strong regulator of the lateral structure of biological membranes. For example, production of ceramide from sphingomyelin (SM), by the action of sphingomyelinases, produces changes in lipid lateral distribution and membrane morphology of SM/SOPC giant vesicles upon ceramide formation (11) . Sphingomyelinase activation appears to be at the origin of many cell signaling events (1, (12) (13) (14) in which changes in membrane structure induced by the production of ceramide are believed to play a key regulatory role. Additionally, ceramide-induced membrane permeability in isolated mitochondria was reported to be a result of the formation of ceramide channels (15, 16) . It has also been claimed that ceramide participates in the formation of specialized membrane regions (lipid rafts) by stabilizing sphingomyelin-enriched domains (17) and displacing cholesterol from the fluid-ordered domains (18) .
Studies regarding the thermotropic behavior of ceramide/ phospholipid mixtures were reported from different laboratories (19) (20) (21) (22) . In particular, different results were observed using POPC/ceramide mixtures based on different experimental techniques. For example, Massey (22) concludes that ceramide-rich domains do not form in POPC/brain ceramide mixtures based on fluorescent probe bulk measurements (using LAURDAN and DPH), attributing this result to the similarity in the fatty-acid chain length between the lipid species. On the other hand, Hsueh et al. (21) , exploring palmitoyl-ceramide/POPC mixtures, claim the existence of palmitoyl ceramide-rich domains in a broad temperature range using deuterium NMR. To gain further information on the particular lateral structure of these ceramide-containing membranes, we studied POPC/brain ceramide mixtures and compared our results with the previous observations done in the aforementioned POPC-containing mixtures (21, 22) . In our experiments, dynamical and structural information obtained by direct visualization of single vesicles (using confocal and two-photon excitation fluorescence microscopy) or planar membranes (using atomic force microscopy) is related to bulk physical measurements obtained from liposome-solution experiments (using differential scanning calorimetry and infrared and fluorescence spectroscopy). This combination allows us to correlate membrane morphological details (such as lipid domain size and shape) with the membrane physical characteristics at a molecular level (23, 24) . Finally, the effect of cholesterol on the lateral structure of POPC/ceramide mixtures was explored using the same experimental approach and compared with previously reported results obtained for other ternary mixtures containing ceramidebased lipids such as the canonical raft mixture POPC/SM/ cholesterol (25) . Our results indicate a clear difference in the behavior of the lipid domain structure as a function of cholesterol concentration for membranes containing ceramide compared to those containing sphingomyelin.
MATERIALS AND METHODS
1-Palmitoyl 2-oleoyl-phosphatidylcholine (POPC), deuterated 1-palmitoyl 2-oleoyl-phosphatidylcholine (POPC-d31), ceramide (porcine brain), and cholesterol were purchased from Avanti Polar Lipids (Alabaster, AL). Porcine brain ceramide is a complex mixture of different ceramides containing a variety of fatty acid species (saturated and unsaturated). For instance, 50% of the ceramide species correspond to the saturated stearoyl-ceramide and 35% of the ceramide species have hydrophobic chains of more than 22 carbons (20% of the total population correspond to the unsaturated 24:1 ceramide species). Ergosterol was purchased from Fluka (Copenhagen, Denmark). 6-Lauroyl-2-(n,n-dimethylamino)naphthalene (LAURDAN) and 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine perchlorate (DiI C18 ) were purchased from Molecular Probes (Invitrogen, Copenhagen, Denmark).
Vesicle preparation

Giant unilamellar vesicles
Giant unilamellar vesicles (GUVs) were obtained by the electroformation method originally described by Angelova (26) . The vesicles were electroformed using Indium thin oxide (ITO) planar electrodes (Thin Film Devices, Anaheim, CA) or Pt wire electrodes in special chambers described in Fig. 1 . In the case of ITO planar electrodes, an aliquot of the desired lipid mixture containing the fluorescent probe (,0.5 mol %) dissolved in organic solvent (Cl 3 CH/MetOH 2:1 v/v) was deposited on the electrode surface using the spin-coating technique (50 ml of 3 mg/ml lipid stock solution at 3000 rpm (27) ) or simply by adding the desired amount of the lipid organic solution with subsequent solvent evaporation at room temperature (6 ml of 1mg/ml lipid stock solution in trifluorethanol). In the case of the Pt electrodes, the same lipid mixtures were deposited on the Pt surface (3 ml of a 0.2 mg/ml lipid stock solution in Cl 3 CH in each electrode). After this procedure, the sample was placed overnight under vacuum to remove traces of the organic solvent (for both the planar ITO and the Pt electrode). After this last step sufficient amounts of MilliQ water (17.5 MV; Millipore, Billerica, MA) were added to the ITO or the Pt electrodes and a low frequency AC field was FIGURE 1 Special chambers to prepare GUVs using the electroformation method (described in Materials and Methods). (A) Chamber to generate GUVs using planar ITO electrodes (standard cover glasses 22 3 22 mm, with one of the surfaces covered with a transparent ITO layer). The arrows indicate the ITO electrode plastic supports, together with the ITO electrodes. The distance between electrode surfaces is 3 mm. The metal piece shown in the figure has a water circulation path to maintain the sample at the desired temperature. This unit is mounted in the microscope stage and the vesicles are prepared in the microscope (to follow, in situ, the formation process of the GUVs). (B) Chamber to generate GUVs using cylindrical Pt electrodes (diameter 1 mm, also works very well with 0.5-mm diameter Pt wires). The dimensions of the bottom of the chamber correspond to a standard microscope slide. The distance center-to-center of the Pt electrodes is 3 mm. The distance from the bottom of the coverglass (glued with epoxy J-B KWIK, J-B Weld, Sulfur Springs, TX) to the surface of the electrodes, in this case, is 100 ml (this would depend on the microscope objective's working distance used to perform the experiments). (C) Array of individual chamber (33 and 312). The volume of each chamber is 600 ml. The Pt wires diameter is 1 mm. (D) Array of individual chamber (324). The Teflon lid allows closing the chamber (without having significant evaporation) and attaching it to the metal piece, which is heated using water. The temperature range for GUV preparation is from 3 up to 98°C. The Pt wires have a diameter of 0.5 mm; distance between electrodes, center to center, is 3 mm. applied in all cases using a function generator (Vann Draper Digimess Fg 100, Stenson, Derby, UK; sine function, freq. 10 Hz, amplitude 2 V) for 1-2 h. The temperature used for GUV formation was well above the fluid/gel phase transition temperature (;80°C for all samples). One of the advantages of these chambers (see Fig. 1, A and B) is the fact that vesicle formation can be directly observed in the microscope. In this last case, the vesicles remain adsorbed onto the electrode surface, and remain immobile. Alternatively, the vesicles prepared in the chamber indicated in Fig. 1 , C and D, were electroformed using sucrose solution 200 mOsM. In these chambers, it is not possible to monitor vesicle formation under the microscope. In this case, after vesicle formation, the AC field was turned off and the vesicles were transferred to an iso-osmolar glucose solution in a special chamber (200 ml of glucose 1 50 ml of the GUVs in sucrose in each of the eight wells of the plastic chamber used; LabTek, Naperville, IL). The density difference between the interior and exterior of the GUVs induces the vesicles to sink to the bottom of the chamber and within a few minutes the vesicles are ready to be observed using an inverted microscope. The temperature in this last case is controlled by a homebuilt unit by using a commercial water-bath heater. It is important to mention that in some cases, the GUVs, which have sunk to the glass surface, can move during image acquisition (in particular, when three-dimensional images are acquired at high temperatures), a disadvantage with respect to the use of the alternative chambers where the vesicles are adsorbed to the electrode and show practically no mobility. Importantly, no significant differences were observed among the samples obtained using the five different chambers. In addition, it is important to point out that formation of giant vesicles above 30 mol % of ceramide was very difficult to perform. At high ceramide concentration the inability to form GUVs is likely due to either incomplete hydration of the ceramides or the formation of nonlamellar phases.
Multilamellar vesicles
Multilamellar vesicles (MLVs) were prepared by drying the organic solvent from a proper amount of lipid stock solution under a stream of N 2 . To remove potential traces of organic solvent the dried samples were placed under vacuum for 3 h. The tubes containing the dried lipid solutions were then hydrated using MilliQ water or buffer (20 mM TrisClH-50 mM NaCl, pH 7.4) at 90°C for 30 min (no differences were observed between these two preparations). During this incubation time the lipid solutions were agitated every 5 min, resulting in a turbid solution. After this last procedure, the vesicles were placed in an oven at 55°C overnight and agitated again before proceeding with the experiments. In the case of the LAURDAN experiments, the probe was premixed with the lipids in a ratio corresponding to a 1:200 mol fraction (LAURDAN final concentration was 1 mM).
Fluorescence microscopy experiments
An inverted confocal/two-photon excitation fluorescence microscope (Zeiss model No. LSM 510 META NLO; Carl Zeiss, Jena, Germany) and a previously described homebuilt, two-photon excitation microscope exclusively used to obtain the LAURDAN generalized polarization (GP) images (28) (29) (30) (31) , were used in our experiments. The Zeiss-LSM 510 META NLO microscope was used to obtain combined LAURDAN and DiI C18 fluorescent images. This type of measurement is important for obtaining a spatial correlation between the particular locations of the two fluorescent probes in the lipid membrane. In this last experiment, the excitation wavelengths were 543 nm (for DiI C18 in one photon excitation mode) and 780 nm (for LAURDAN in two-photon excitation mode) and the fluorescence signals were simultaneously collected in two different channels using bandpass filters of 590 6 25 nm and 424 6 37 nm (for DiI C18 and LAURDAN, respectively). For the Zeiss-LSM 510 META NLO microscope, the Ti:Sa laser used for two-photon excitation mode was a MaiTai XF-W2S (Broadband MaiTai with 10 W Millennia pump laser, tunable excitation range 710-980 nm; Spectra Physics, Mountain View, CA). The objectives used for the experiments were a 403 water immersion, NA 1.2, and a 203 air objective, NA 0.75. In particular, the 203 air objective was used in the temperature scan experiments. The use of water or oil immersion objectives at high temperature is not recommended (our temperature scan started at 60°C) because the objectives can be easily damaged at such conditions. The GUV's fluorescent images were obtained either at the polar region of the GUVs, i.e., the north or south pole of the vesicle (the circumpolar region), or the equatorial region of the vesicle. In this article, we use the terms ''polar region'' and ''equatorial region'' to refer to these two different situations (see inset in Fig. 11 ).
LAURDAN GP measurements
The LAURDAN GP measurement denotes the position of the probe's emission spectra (32) . The fluorescence emission properties of LAURDAN are sensitive to the water dipolar relaxation process that occurs in the probe's local environment (in this case, the lipid bilayer). The extent of water dipolar relaxation observed in the gel phase is very low compared to what is observed in the fluid phase (high extent of water dipolar relaxation process). As a consequence the probe's emission is blue in the gel phase and green in the fluid phase (32) . The GP function was defined analogously to the fluorescence polarization function as
where I B and I R correspond to the intensities at the blue and red edges of the emission spectrum (respectively) using a given excitation wavelength (32) (33) (34) . Consequently, the LAURDAN GP is related to the lateral packing of the lipid bilayers (32) . High LAURDAN GP values (0.5-0.6) correspond to laterally ordered, gel-like phases, whereas low LAURDAN GP values (below 0) correspond to fluid phases.
To measure the GP of the LAURDAN-labeled multilamellar vesicles (bulk measurements), a Chronos ISS fluorometer (ISS, Champaign, IL) was used. The excitation wavelength was 374 nm (using a laser diode as excitation source). The emission wavelengths were 440 nm for the I B and 490 for the I R (Eq. 1). As was stated in the previous section, the two-photon excitation LAURDAN generalized polarization (GP) images were obtained using a homebuilt, two-photon excitation fluorescence microscope (28) (29) (30) (31) . The LAURDAN GP images were computed using fluorescence intensity images obtained simultaneously in the blue and red regions of the probe emission spectra (bandpass filters 446 6 23 nm and 499 6 23 nm), using 780 nm as excitation wavelength (31) . The objective used was a long working distance 203 air objective, NA 0.75.
LAURDAN photoselection effect
The lack of fluorescence in the gel phase domains due to the well-described photoselection effect (23, 24, 35) was observed in the LAURDAN fluorescence images obtained at the polar region of the GUVs. This phenomenon was used as a qualitative criterion to complement the information obtained from the shift in LAURDAN's emission spectrum (24, 25, 29, 30, 35) . Particularly, the photoselection effect is related to the probe orientation in the lipid membrane and is used in our experiments to gain further information about the lateral packing features of particular regions of the lipid membrane (36, 37) .
Atomic force microscopy (AFM) experiments
Freshly cleaved muscovite mica (Plano, Wetzlar, Germany), with a size of 8 3 8 mm 2 , was used for preparing supported membranes. The preparation was done by using a spin-coating protocol as described previously (27) , with lipid mixtures containing 0.7% DiI C18 . Briefly, the spin-coating protocol consists of placing a 20-ml droplet of lipid in a hexane/methanol (97:3) solution onto the mica support and immediately thereafter spinning the sample to 3000 rpm for 40 s while the solvent evaporates. A Chemat KW-4A spin-coater (Chemat, Northridge, CA) was used for the coating process. After overnight storage under vacuum, the sample was hydrated in MilliQ water and annealed to 65°C for 1 h to yield a single and highly uniform supported membrane. Excess lipid was removed by washing with fresh MilliQ water (at 65°C) and the effect of the washing was monitored continuously. Epi-fluorescence microscopy of the supported membrane was performed with the sample placed in a microscope chamber (LabTek) on a Nikon TE2000 inverted microscope (Nikon, Badhoevedorp, The Netherlands), using a 403 long working distance (ELWD) objective. Fluorescence excitation was done with a halogen lamp and using a G-2A filtercube (Nikon) and fluorescence images were recorded with a Coolsnap CF camera (Photometrics, Tucson, AZ). The samples were measured with the atomic force microscope using a PicoSPM (Molecular Imaging, Tempe, AZ). A homemade fluid cell was used and the AFM was operated in magnetic tapping mode (MAC) using MAC levers operated around their resonance frequency of 25 kHz (in water) with a force constant of k MAClever ¼ 2.8 N/m (nominal). The scan rate used for imaging was in the range of 1.2-1.9 Hz for all cases. The free amplitude for tapping mode imaging was in all cases at ;8.5 V, and the amplitude on scanning was ;6.5 V.
Differential scanning calorimetry (DSC)
Experiments using MLVs composed of the different lipid mixtures were performed in a Science Corp N-DSCII Calorimeter (Lindon, UT; for pure porcine brain ceramide) or a VP-DSC (MicroCal, Northampton, MA; for POPC/ceramide and POPC/ceramide/chol mixtures) at 8-20 mM total lipid concentration. The scan rate was 0.5 K/min versus pure water. Neither change in the total concentration nor in the scan rate gave significant changes in the obtained results.
Fourier transform infrared spectroscopy (FTIR) experiments
With the use of FTIR, the thermotropic phase behavior of deuterated POPCd31 and nondeuterated ceramide in POPC-d31/ceramide mixtures can be measured independently. This process is done by monitoring the POPC-d31 CD 2 and ceramide CH 2 acyl-chain stretch modes as a function of temperature, which appears in different regions of the IR spectra. IR spectra were recorded on a Perkin-Elmer 2000 Fourier transform IR-spectrometer (Perkin-Elmer, Norwalk, CT) equipped with a liquid nitrogen-cooled Mercury/Cadmium/Telluride detector interfaced to a microcomputer with Spectrum 2000 software (Perkin-Elmer, Norwalk, CT). Five microliters of multilamellar vesicles sample (50 mg/ml lipid total concentration) were placed between two FTIR CaF 2 windows. The temperature was controlled by a Peltier device and monitored by a thermocouple placed on the FTIR window. Infrared spectra in the CH 2 stretching region from 3000 to 2800 cm ÿ1 and CD 2 stretching region from 2200 to 2000 cm ÿ1 were monitored as a function of temperature. Eight spectra were averaged at each temperature point. Spectra were continuously acquired at a temperature increase rate of 3°C/min. Phase transitions were determined by plotting the band positions of the CH 2 symmetric and CD 2 asymmetric stretch modes. The band positions were determined by taking the second derivative of the original spectra and averaging the band intercepts at 80% intensity.
RESULTS
POPC/ceramide mixtures
Giant vesicle experiments LAURDAN GP images for GUVs composed of different POPC/ceramide mixtures were obtained at different temperatures. Fig. 2 A shows a representative example (POPC/ ceramide 5:1 mol ratio). In this particular case, and above 36.5°C, the GUVs show an average low GP value characteristic of a fluid phase (29, 30) . At 36.5°C high GP regions corresponding to gel-like phase are clearly present in the GUVs. As the temperature is decreased the extent of high GP areas increases in the vesicle. In addition, the LAURDAN GP profile (obtained from the GP images) versus temperature The red areas correspond to the gel phase. The lack of signal in the polar region of the GUV (for the images taken at the GUV polar region) is due to the photoselection effect. is shown in Fig. 2 B. For comparative reasons, the LAURDAN GP values obtained from fluorescence cuvette experiments using multilamellar vesicles composed of POPC/ceramide (5:1 mol) at different temperatures is shown in Fig. 2 C. Although the LAURDAN GP bulk experiments indicate an overall decrease in the water dipolar relaxation process as the temperature is decreased (Fig. 2 C) , no marked discontinuity was observed in the GP curve at the expected main phase transition temperature (;36-38°C for this mixture based on GUVs and also in DSC and IR experiments; see below). The LAURDAN GP temperature profile obtained in multilamellar vesicles is in agreement with that reported by Massey (22) . From this LAURDAN GP profile Massey (22) concluded that no lipid phase coexistence is present in this mixture. Nevertheless, it is important to emphasize that the LAURDAN GP experiments under the two-photon microscope make it very clear that two different GP regions corresponding to the gel and fluid-like areas are present in the GUVs (see Fig. 2 , A and B, for comparison). Fig. 3 A shows a series of different POPC/ceramide GUVs increasing the proportion of ceramide at room temperature using DiI C18 and LAURDAN probes. The nonfluorescent region in the DiI C18 -labeled GUVs increases as the ceramide molar fraction increases and is indicative that the DiI C18 is segregated from the gel phase. This fact is directly observed in the fluorescent images obtained by using both probes simultaneously (see Materials and Methods; however, results are not shown) and further confirmed by comparing the DiI C18 fluorescent images with the LAURDAN GP images (Fig. 3 A) . It is very important to note that the shape and size of the lipid domains are independent of the fluorescent probe used in the experiments. The last indicates that the presence of the fluorescent probes is not influencing the lateral pattern observed in the GUV's membrane. From the LAURDAN GP data shown in Fig. 3 it is clear that the vesicles display two different phases (gel-and fluid-disordered-like phases) in the different lipid mixtures at room temperature. Additionally, the nonfluorescent regions observed in the LAURDAN-labeled vesicles are due to the photoselection effect (23, 24, 35) . This phenomenon is induced by a lack of excitation of the LAURDAN probe, particularly in the gel-like phase, due to the perpendicular orientation of the probe transition moment The lack of intensity signal in the polar region of the GUV is due to the photoselection effect (indicated by the white arrow in the figure). Taking into account LAURDAN's information about phases, it is clear that the probe DiI C18 is segregated from the ceramide-rich gel phase (see text). The shape and size of the lipid domains are very similar using both probes (DiI C18 and LAURDAN), indicating that the presence of different probes is not affecting the lipid lateral structure. The GUV diameter is 30 mm. (B) Two-photon excitation GP profiles (gel and fluid membrane regions) of LAURDAN-labeled GUVs, increasing the ceramide molar fraction in the mixture (each GP point corresponds to an average of 10 vesicles). The temperature was 20°C. The inset shows the places where the GP function is normally taken in a GUV. These areas correspond, and are close to the center cross section of the vesicle, to discard GP variations due to the photoselection effect (23, 24) . The increment of the GP value in the fluid phase as the ceramide molar fraction increases is evident.
with respect to the plane of polarization of the excitation light (23, 24, 35) . The photoselection effect observed for LAURDAN in the polar region of the vesicles confirms the fact that laterally ordered and disordered phases are present in the vesicles. Additionally, as it is observed in Fig. 3 B, the GP in the fluid phase increases as the ceramide fraction in the mixture increases. This trend indicates that the extent of the water dipolar relaxation process is diminishing in the fluid phase, a fact that can be interpreted as a slight increase of the lateral packing in this region of the membrane. This last effect is likely related to a gradual increase of the ceramide molar fraction in the POPC-rich fluid phase, suggesting partial miscibility of the lipid components in the mixture. In addition, the facts that dark areas are observed in the surface of the membrane and that the fluorescent probe is present in both leaflets of the bilayer (see Fig. 4 ) indicate that the gel phase domains span the lipid bilayer in agreement with previous observations done for other lipid mixtures (24, 29, 35) .
AFM experiments
Using AFM, lipid domain coexistence in a broad temperature range was also observed in planar-supported membranes composed of different POPC/ceramide mixtures. The size and shape of the lipid domains were in good agreement with those found in the GUVs experiments. By combining AFM with fluorescence microscopy we observed that the probe DiI C18 was excluded from the flower/stripe domains corresponding to the observation in the GUVs experiments (Fig. 5 ). The height difference between the two phases observed in the AFM images (see Fig. 5 ) is 1.2 6 0.1 nm, which is in agreement with previous AFM studies on coexisting fluid/gel membrane phases (38) . Moreover the fluid/solid domain regions also exhibit contrast in the AFM phase image, which is attributed to a difference in viscoelastic response between these regions. Taken together these observations all point to the conclusion that the observed domain pattern corresponds to coexisting fluid-and gel-like phases.
DSC and IR experiments
The DSC thermograms obtained for the different POPC/ ceramide mixtures are shown in Fig. 6 , A and B. The increase in the ceramide molar fraction in the lipid mixture causes two simultaneous effects:
1. A broadening and subsequent reduction of the area (enthalpy) of the low temperature endotherm (that corresponds to the POPC-rich areas) without substantial change in the main transition temperature. 2. A gradual contribution of a high temperature endotherm in the 20-50°C temperature range (likely corresponding to ceramide-rich domains).
This last peak shows a simultaneous temperature shift and broadening as the molar fraction of ceramide increases (see Fig. 6 B and Table 1 ). From this data it is evident that a broad gel/fluid phase coexistence temperature regime is present in the mixture, and it is very likely that a partial miscibility of the lipid components occurs in the mixture. Additionally, the main transition temperature observed for the high temperature endotherm in the DSC experiment corresponds very well to the temperature where gel phase areas are becoming visible in the GUVs experiments (see Table 1 ).
Fig. 6 C shows that it is possible to follow independently by using IR experiments the thermotropic behavior of each lipid component in the system (in this case, POPC and ceramide) by exploiting the different band positions of the CH 2 symmetric and CD 2 asymmetric stretch modes (ceramide and deuterated POPC, respectively). For the POPC/ceramide 5:1 mol mixture, ceramide shows a transition event at 37°C with a concurrent but smaller change in the CD 2 asymmetric stretch mode corresponding to deuterated POPC, suggesting that a fraction of POPC molecules are present in the ceramiderich gel phase. This last data strongly supports a partial miscibility among the lipid components of the mixture in agreement with that observed in DSC and LAURDAN GP GUV experiments. Additionally, the tail-end of a second event involving POPC-d31 is observed at ÿ5°C, which most likely corresponds to a gel/fluid phase transition of the POPCenriched areas. This POPC transition appears at lower temperature than the low temperature thermal event observed by DSC (Fig. 5 C) . This difference is explained by the fact that deuteration induces a reduction in the T m of the POPC species of ;4°C (39). Overall, the results correlate well with the DSC data and confirm the presence of POPC-enriched fluid phase domains in coexistence with ceramide-enriched gel phase domains within a broad temperature regime. 
POPC/ceramide/cholesterol mixtures
GUVs experiments
Addition of cholesterol produces changes in the lateral structure of the POPC/ceramide mixtures. For instance, for the POPC/ceramide 5:1 mol mixture at room temperature and above 5 mol % of cholesterol, the GP of the fluid phase progressively augments as the cholesterol molar fraction in the mixture increases (Fig. 7) . For example, at ;20 mol % cholesterol, the GP value observed in the more fluid membrane region is to some extent lower than the one observed in the gel-like phase region (0.42 and 0.5, respectively; see Fig.  7 ), although two regions are still observed in the membrane. This last fact clearly indicates an ordering effect of cholesterol on the more fluid region of the membrane, diminishing the extent of water dipolar relaxation phenomena around the LAURDAN fluorescent probe. Additionally, the LAURDAN GP value observed after addition of 20 mol % of cholesterol in the more disordered regions of the membrane matches very well with the GP value reported for fluidordered phase at approximately the same temperature (25) and also agrees very well with the GP value obtained in GUVs composed of POPC/cholesterol (8:2 mol) at 20°C, where the liquid-ordered phase is present (data not shown). Remarkably, the observed domain shape from above 5 and up to 20 mol % of cholesterol in the POPC/ceramide mixtures is different from that observed in cholesterol containing ternary mixtures that display coexistence of fluid-ordered and fluid-disordered phases (25, 40) . In this last case, the presence of perfectly round domains is a characteristic of the fluid-ordered/fluid-disordered phase coexistence scenario, independent of the lipid composition, i.e., POPC/SM/chol, DOPC/SM/chol, DOPC/DPPC/chol, pulmonary surfactant, and brush border membrane lipid extracts (8, 25, 40) . When fluid domains are embedded in a fluid environment, circular domains will form because both phases are isotropic and the line energy (tension), which is associated with the rim of two demixing phases, is minimized by optimizing the area/ perimeter ratio. This last signature (perfectly round domains) was not observed in the GUVs composed of POPC/ceramide/cholesterol mixtures explored in this work. On the other hand, no significant changes in the value of the LAURDAN GP function was observed in the ceramide-rich gel-like phase as the cholesterol content increases, indicating that the degree of dipolar relaxation processes in this phase is not affected in any significant way by the presence of cholesterol. It is important to note, however, that the temperature where lateral phase separation becomes apparent for the corresponding POPC/ceramide mixture (higher T m , corresponding to the formation of ceramide-rich phases) decreases as the cholesterol molar fraction increases, in agreement with the DSC data (see below, Table 2 ). All these experiments indicate that the POPC/ceramide (5:1 mol) mixture with cholesterol concentrations from 5 and up to 20 mol % likely display coexistence of a gel-and fluid-orderedlike phases.
Above 22 mol % cholesterol a dramatic change is observed in the GUV membrane (see Fig. 8 ). Both probes, LAURDAN and DiI C18 , indicate the presence of three distinct regions in the lipid membrane: 1), a line-shaped region (LSR) that emits fluorescence (indicated by arrows in Fig. 11) ; 2), a fluorescent region (FR); and 3), a nonfluorescent region (NFR). A general feature in the images is the fact that the LSR appears to always surround the NFR. Additionally, the shape of the NFR is faceted and resembles a crystal-like structure. The LAUR-DAN GP data shows that the LSR and FR have high GP values (0.43 and 0.44, respectively) corresponding to a low extent of water dipolar relaxation processes around the fluorescent probe in the membrane. This last fact suggests that an ordered lateral lipid packing exists in both membrane regions (LSR and FR, see Fig. 8) . Surprisingly, the fluorescence intensity in LSR is evident in the polar region of the vesicles where the LAURDAN photoselection effect is strong (Fig. 8 B) , even though the LAURDAN GP value of the LSR is high. In general, high LAURDAN GP regions will display a strong photoselection effect on the polar regions of the vesicles, i.e., no fluorescence emission light is expected in these regions (24, 35) . The high fluorescence intensity observed at the polar region of the GUVs in the LSR regions appears to indicate that a reorientation of LAURDAN occurs in this particular membrane region. A corresponding high fluorescence intensity region (LSR) is also observed using DiI C18 probe (Fig. 8 A) . These particular structures (appearing above 22 mol % and up to 30 mol % of cholesterol) disappear in the mixtures as the temperature is increased and reappear again at the same temperature upon cooling the samples. The fact that the formation of this particular lateral pattern is independent of the heating direction suggests absence of thermal hysteresis in the samples. Additionally, the temperature where these particular structures become visible agree very well with the higher T m obtained using DSC and IR (see below, Table 2 ) for the same mixtures. 
DSC and IR experiments
DSC data for these mixtures are summarized in Fig. 9 , A and B. Addition of cholesterol produces a decrease in the main transition temperature of the high melting peak (that correspond to the formation of ceramide-rich domains, see Table 2 ) and gradually abolishes the transition observed for the low melting peak (corresponding to the POPC-rich domains) for cholesterol concentrations between 5 and 30 mol %. For the POPC/ceramide (5:1) 1 26 mol % of cholesterol the IR data show a transition temperature for the ceramide-rich fraction similar to that observed by DSC (23°C, see Fig. 9 C and Table 2 ). In the IR experiments the phase transition observed at 23°C for ceramide does not involve any significant participation of the POPC as was observed for the mixture without cholesterol (see Fig. 9 C) . On the other hand, the presence of cholesterol at 26 mol % abolishes the low melting temperature transition event that corresponds to the POPC-enriched membrane region.
AFM experiments
To further explore the particular lateral structure observed for POPC/ceramide (5:1 mol) containing 24-30 mol % of cholesterol, AFM images were obtained for supported membranes composed of POPC/ceramide (5:1 mol) with 15 and 26 mol % of cholesterol (Fig. 10) . At 15 mol % cholesterol the system exhibits domain coexistence with a height difference between the domains of 7 Å (Fig. 10 A) in contrast to that observed for POPC/ceramide (5:1 mol) without cholesterol, where the height difference between the gel and fluid domains was ;12 Å . Above 22 mol % of cholesterol the lateral pattern of the membrane is very complex, showing a distribution of height differences between the laterally ordered and disordered domains (Fig. 10, B and C) . Interestingly, exposure to methyl-b-cyclodextrin (that removes cholesterol from the membranes) restores the system to a configuration with domains corresponding to those observed for POPC/ceramide without cholesterol (Fig. 10 D) .
DISCUSSION POPC/ceramide mixtures
Our results from different experimental techniques clearly show that POPC/ceramide mixtures display coexistence of gel and fluid phases, characterized by the presence of micronsized gel domains with striped/flowerlike shapes in a broad range of compositions and temperatures, in contrast to that reported by Massey (22) . Incorporation of ceramide clearly affects the lateral organization of the POPC interface even at low ceramide molar fraction (5 mol %) showing partial miscibility of the mixture's lipid components in the different lipid domains. This partial miscibility is reflected in the DSC experiments and LAURDAN GP images ( Fig. 3 and Fig. 6 , A and B) and further confirmed from the IR data (Fig. 6 C) .
It is interesting to notice the agreement of our observation with that observed and reported for POPC/palmitoyl ceramide in the work of Hsueh et al. (21) . Even though we used porcine brain ceramide in our mixtures (porcine brain is a complex mixture of different ceramides, see Materials and Methods) the phase diagram reported by Hsueh et al. (21) agrees very well with the lateral features observed for the POPC/porcine brain ceramide mixtures in the temperature range explored in our experiments. This correlation is very interesting since it supports the idea that it is possible to establish a direct connection between compositionally complex and simple mixtures as was proposed previously in the literature (8, 25, 37, 41) . Additionally, Hsueh et al. (21) also claim the presence of a metastable solid ceramide phase above 20 mol % of ceramide. By visual inspection of the GUVs composed of POPC/ceramide mixtures (up to 30 mol % of ceramide) the presence of a resolvable microscopic-sized third region in the membrane was not found either by using LAURDAN or DiI C18 . Nevertheless, it is important to stress that we cannot discard conclusively from the GUVs experiments the existence of this particular (metastable solid) phase, because 1. The size of these particular domains can be below the resolution of the microscope; or 2. If this phase is associated or included within the ceramide-rich gel phase, and assuming that the partition of the fluorescent probes is not affected by its presence, this phase will be invisible for these probes (DiI C18 is excluded from the gel/solidlike phases while LAURDAN is present, but no differences will be expected in the water dipolar relaxation process between ceramide gel and solid phases).
However, the fact that no visible third region in the nanometer size range was detected in the planar membranes using AFM and no endotherm at high temperatures was detected in the DSC experiments (in particular, at ;80°C, which would reflect pure ceramide membranes) argues against the presence of this metastable solid phase for these particular mixtures in our experiments. It is fair to mention, however, that this particular difference may be related to the fact that we used a natural mixture of different ceramide species in our experiments, i.e., not a real binary mixture as Hsueh et al. (21) used.
We believe that one of the relevant issues in this study is the marriage between the morphological information of the membrane from the single vesicle/planar membrane experiments (using fluorescence microscopy/AFM) and techniques based on liposome solutions, which report on bulk mean parameters. As was pointed out in Introduction, above, bulk experiments per se may lack information that can be crucial to understanding the lateral organization of complex mixtures (8, 41) . In particular, LAURDAN GP experiments in cuvette and in the microscope show a clear example of the importance of correlating bulk parameters with morphological information to draw more realistic conclusions about the behavior of the system under study. As was reported previously (22) and also observed by us (Fig. 2 C) , the measured LAURDAN GP temperature profile for POPC/ceramide MLVs does not show any discontinuity at the temperature where the nucleation of gel phase is expected in contrast to that observed in the LAURDAN GP experiments using fluorescence microscopy (and also supported by AFM, DSC, and FTIR data). This apparent discrepancy can be explained by considering the additive property of the anisotropy function (42) that was based on the early observations of Gregorio Weber about the additive properties of the polarization function (43) . The additive properties of the anisotropy function also applies to the LAURDAN GP function. For example, the average GP (GP av ) measured in the cuvette follows the form
where GP g and GP f are the observed GP values for the gel and fluid phases, respectively, and X g and X f are factors that represent the fractional contribution of each lipid phase to the GP av . In Eq. 2, the X factor primarily depends on the total area fraction of the gel and fluid phases and the probe concentration in each lipid phase. Since LAURDAN shows an even distribution in membranes displaying phase coexistence (24, 35) we can assume that the X factor in Eq. 2 is mainly influenced by the area fraction of each lipid phase. It is important to remark that the relationship between the area fractions of the coexisting phases does not correspond with that observed between the molar fractions of the lipid species in the mixture since the molecular area of a lipid in the gel phase is almost one-third of that observed in the fluid phase. For example, if total immiscibility between the components of a binary mixture is considered, the contribution of the gel phase area will be always lower compared to that corresponding to the molar fraction of the high-melting-temperature lipid component. Taking into account this last effect, we can speculate that a significant contribution of the gel phase's area (high molar fraction of the high melting temperature lipid component) will be required in order to have an observable discontinuity in the bulk GP temperature profile at the phase transition temperature of the mixture. In our case, ceramide cannot be incorporated into the POPC membranes above 30 mol % (see Materials and Methods), and their mixtures with POPC exhibit phase transition events with low cooperativity and partial lipid miscibility. Taking into account Eq. 2 and the abovementioned facts, we predict that a negligible change in the bulk GP av temperature profile will occur at the phase transition temperature of these mixtures (as observed in Fig. 2  C) , even though gel lipid domains are being formed in the sample (as demonstrated by the fluorescence microscopy experiments). Additionally, the fact that the extent of water dipolar relaxation process decreases in the fluid phase as the temperature decreases (33) (see Fig. 2 C) will enhances the masking effect in the bulk experiments. A similar analysis can be drawn with regard to the lack of evidence for domain formation in POPC/ceramide mixtures based on DPH fluorescence anisotropy measurements (22) . DPH probe, like LAURDAN, is known to be present at similar concentration in both lipid phases and the discussion stated above (additive property of the anisotropy function and lipid domain area fraction contribution) can also be applied for this particular case. Therefore, the hypothesis that similar length fatty acid chains between natural occurring ceramide and POPC lipids precludes gel/fluid phase coexistence (22) can no longer be sustained. Several articles in the literature (19) (20) (21) show gel/ fluid phase coexistence in phospholipids (mainly PCs)/ ceramide mixtures and this particular POPC/ceramide mixture is not an exception. It is our opinion that the fact that ceramide laterally segregates in POPC membranes is related to the nature of its small polar headgroup (with low hydration capacity) and the possibility for it to establish intermolecular hydrogen networks (21, 44) .
POPC/ceramide/cholesterol mixtures
One of the interesting issues in the experiments performed with this ternary mixture is the lack of fluid-ordered or fluiddisordered phase coexistence, as observed in mixtures containing other ceramide-based lipids (for example, sphingomyelin (25) ). From our experiments we can observe that the effect of the cholesterol has two particular regimes (above and below 22 mol % of cholesterol for the POPC/ ceramide 5:1 mol). Up to 20 mol % of cholesterol we observe that the fluid phase shows a gradual ordering effect. The LAURDAN GP values obtained in these last cases are in good agreement with GP values reported for fluid-ordered phases (25) , suggesting that the fluid phase becomes more laterally ordered with increasing cholesterol molar fraction. This last fact is supported by the progressive broadening of the low melting transition endotherm (POPC-rich domains) as cholesterol concentration augments in the DSC experiments, and the decrease in the height differences between these two regions in the AFM experiments (Fig. 10) , as is expected for a fluid ordered-gel phase coexistence. On the other hand, the cholesterol effect in the gel-like phase regions is characterized by a decrease in the higher transition temperature of almost 10°C (for 20 mol % cholesterol), with respect to the sample without cholesterol showing no changes in either the hydration properties of the membrane interface (the LAURDAN GP value remains constant in these membrane regions) or the domain shape. We speculate that the reduction in the higher transition temperature may be explained by changes in the ordered domain's lipid composition induced by the presence of cholesterol. Additionally, and in contrast to that observed in membranes displaying liquid immiscibility (8, 25) , the absence of perfectly round domains in the POPC/ceramide/cholesterol mixture supports the idea of a persistence of a phase-separated ceramide-rich gel-like phase up to 20 mol % of cholesterol. Therefore, we conclude that a coexistence of gel-like and fluid-ordered-like phases coexists at room temperature in the POPC/ceramide (5:1 mol) mixtures containing 5-20 mol % cholesterol. This observation supports the idea that ceramide induces a particular lateral organization distinct from those proposed in the raft hypothesis. Although the mixture we use in our experiment is far away from the compositionally complex situation of a biological membrane (but also far from the case of a two-or three-component model system), we believe that it is fair to speculate that this phenomenon could take part in biologically relevant situations. For instance, the presence of gel-like phase regions may cause strong changes in the membrane's physical properties as happens in apoptosis (2) . A very complex membrane lateral pattern is observed above 22 mol % of cholesterol in the POPC/ceramide 5:1 mol mixture. In the GUV experiments, three different regions are observed in these membranes (LSR, FR, and NFR; see Fig. 11 ). In particular, the information given by LAURDAN through the photoselection effect is very valuable and interesting to comment on. The photoselection effect is sketched in Fig. 11 . Considering a circular polarization in the excitation light confined in the x,y plane, by exploring different regions of a spherical vesicle (at a given vertical section), strong excitation occurs in the regions where LAURDAN's transition moment is aligned parallel to the polarization plane of the excitation light, i.e., the equatorial region of the vesicle (23, 24, 35) . In other words, when observing the polar region of a spherical lipid vesicle we will find lower excitation compared with that obtained at the equatorial region of the vesicle (23, 24, 35) . In addition, this last fact depends on the phase state of the lipids. Observing a single-component lipid vesicle at the polar region we obtain large differences in the fluorescent intensity values if the images correspond to disordered (Fig.  11 A) and ordered lipid phases (Fig. 11 B) . In an ordered lipid phase such as the gel phase (Fig. 11 B) , the packing of the lipid molecules is very tight, preventing wobbling of the fluorescent probe (notice that LAURDAN's transition moment is aligned parallel to the lipid hydrophobic chains). Since the excitation efficiency is proportional to the cosine squared of the angle between the transition moment of the probe and the polarization plane of the excitation light (the angle is close to 90°in this case) the excitation efficiency of LAURDAN molecules in a gel phase membrane is very low. Instead, in the disordered phase we always have a component of LAURDAN's transition moment parallel to the excitation light polarization plane because of the relatively low lipid order (Fig. 11 A) . This last fact allows more efficient LAURDAN excitation in the disordered lipid phase when gel/fluid phase coexistence is present; see Figs. 2, 3, and 6 (23, 24, 35) . To explain the fact that the LSR is observable in the photoselection region (polar part of the GUV), the transition moment of LAURDAN probe in this membrane region must be either parallel or tilted ,90°, in respect to the membrane surface plane (Fig. 11 C, notice that the maximum of efficiency will occur when the transition moment is parallel to the polarization plane, which is oriented in the x,y plane parallel to the membrane surface). Importantly, LSR has high GP values, indicating that a tight lipid lateral packing is present in this particular membrane region. A similar case was also observed in bovine lipid extract surfactant below 20°C, where two solidlike phases coexisted, and one was tilted (37) . The LAURDAN GP value for the FR strongly favors the idea of an additional ordered phase being present in the membrane (most likely a liquidordered phase). In this last case, the photoselection effect operates as expected (see Fig. 8 , GP image, left side of GUV). Therefore, the main difference between LSR and FR will be the LAURDAN orientation that can be related with the lipid orientation in the membrane. Additionally, the particular shape of the NFR suggests a crystalline packing of the lipids, although no fluorescent parameters are in hand to further evaluate this last hypothesis. The NFR could correspond to crystalline domains composed of pure lipid species (for instance, ceramide or cholesterol), but no signatures of high temperature melting events (such as those for pure ceramide or cholesterol crystals) were observed in the DSC data to fully support this hypothesis. In addition, the fact that a nonfluorescent region is present in the membrane, is unexpected using LAURDAN, since in general this probe is homogeneously distributed in the membranes displaying phase coexistence (gel/fluid, fluid-ordered/fluid-disordered) (24, 35) . AFM data also shows that addition of cholesterol concentration above 22 mol % changes the physical characteristics of the membrane compared to those observed below 20 mol %. In particular, at 26 mol % of cholesterol, the height differences among the gel-like lipid domains and the lower membrane regions observed in the AFM images (Fig. 10) show distributed values and a variety of different FIGURE 11 Schematic representation of the photoselection effect using circular polarized-excitation light that occurs at the polar region of the GUV. The doubleheaded curved arrows associated with the LAURDAN transition moment in the fluid phase (A) denote probe mobility (wobbling), which dramatically decreases in the gel phase (B). The difference in probe mobility explains why the fluorescence intensity coming from the fluid phase in the photoselection region (polar region of the GUVs) is considerably higher than that observed in the gel phase. (C) Possible configuration of the LSR observed in Fig. 11 . The inset shows the polar and equatorial regions of the vesicle. domain shapes. Interestingly, this effect is reverted upon cholesterol extraction, since the height difference between the lipid phases returns to the 1.2-nm value observed for gel/ fluid phase coexistence where cholesterol is absent in the mixture. Taking into account the compositional heterogeneity of porcine brain ceramide (see Materials and Methods), a lateral redistribution of these lipid species in presence of high amounts of cholesterol can explain the particular membrane pattern observed in the AFM and fluorescence microscopy experiments. At this point it is clear that a detailed model to explain this particular complex lateral structure (generated upon addition of 22 mol % of cholesterol to the POPC/ ceramide 5:1 mol mixture) is still far from being obtained. However, we feel that local lipid domain compositional information would be crucial to comprehend this phenomenon. We assume that the dramatic change in the membrane lateral pattern above this critical cholesterol concentration can be explained, as was mentioned above, by considering a marked redistribution of the different lipid molecular species in the lateral plane of the membrane. In line with this idea, Megha and London (18) reported that ceramide displaces cholesterol from ordered lipid domains. As was demonstrated by these authors (18) , these two lipid species compete with each other to be included in ordered-like phases. However, there are other plausible hypotheses that may explain the complex lateral membrane pattern observed when cholesterol concentration is above 22-24 mol % in the POPC/ceramide (5:1 mol) mixture, namely:
1. The presence of many different ceramide species (different fatty acid compositions) can be responsible for the presence of multiple types of lipid domains, simply by speculating that the different ceramides can show particular interaction with the other lipid components of the mixture (something that is currently tested in our laboratory using mixtures containing a single ceramide species). 2. The presence of the ceramide channels (45) in our mixture may explain the particular lateral pattern, in particular the presence of LSR with unusual photoselection properties.
If ceramide molecules organize perpendicular to the normal of the membrane as was proposed by Siskind et al. (45) , and assuming that LAURDAN is located parallel to the lipid hydrophobic chains, a strong excitation in the photoselection region (polar part of the vesicle) would be expected. Presence of cholesterol and unsaturated phospholipids, as happens in our mixtures, is required to generate this particular structure (15) . To further explore this possibility, leakage experiments are currently being performed in our laboratory based on the new protocol described by Ambroggio et al. (46, 47) using GUVs. Finally, it is important to point out that the three regions observed in the membranes were not exclusively generated by cholesterol. By adding ergosterol to the same POPC/ceramide mixture (data not shown) we observe a similar phenomenon to that obtained for cholesterol. Interesting enough, addition of the sterol lanosterol does not produce this particular lateral pattern. The ergosterol concentration needed to induce these three distinct regions in the membrane was ;15 mol %, lower than that the 22 mol % observed for cholesterol. Additionally, binary mixtures of phospholipids and ergosterol was reported to show a very similar phase diagram to that observed in phospholipids/cholesterol mixtures (48) .
